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SUMMARY

The hypothalamus integrates information required for
the production of a variety of innate behaviors such as
feeding, mating, aggression, and predator avoidance.
Despite an extensive knowledge of hypothalamic
function, how embryonic genetic programs specify
circuits that regulate these behaviors remains unknown. Here, we find that in the hypothalamus the
developmentally regulated homeodomain-containing
transcription factor Dbx1 is required for the generation of specific subclasses of neurons within the
lateral hypothalamic area/zona incerta (LH) and the
arcuate (Arc) nucleus. Consistent with this specific
developmental role, Dbx1 hypothalamic-specific conditional-knockout mice display attenuated responses
to predator odor and feeding stressors but do not
display deficits in other innate behaviors such as mating or conspecific aggression. Thus, activity of a single developmentally regulated gene, Dbx1, is a shared
requirement for the specification of hypothalamic
nuclei governing a subset of innate behaviors.
INTRODUCTION
Seminal studies over the past 20 years, first in the spinal cord
and hindbrain and then later in the forebrain, have revealed
that neuronal subclass identity is established via the combinatorial actions of transcription factors expressed in ventricular and
subventricular zone neural progenitors (Briscoe et al., 2000; Dasen and Jessell, 2009; Flames and Hobert, 2009; Hébert and
Fishell, 2008; Shirasaki and Pfaff, 2002; Wonders and Anderson,
2006). Programs of migration and connectivity are then carried
out as development proceeds, ultimately resulting in a fully
formed and functional nervous system. While the developmental

logic for specification of a variety of neuronal populations
throughout the neuraxis has now been largely identified, how
embryonic transcriptional programs are linked to the emergence
of complex behaviors remains unknown.
Innate behaviors, defined as those that manifest without prior
training, are controlled via the coordinated actions of hypothalamic nuclei. Depending on the context, different hypothalamic
nuclei are activated and function to integrate biologically relevant
information to achieve appropriate behavioral outputs (Gross
and Canteras, 2012; Sokolowski and Corbin, 2012). For
example, the arcuate (Arc) nucleus and the lateral hypothalamic
area/zona incerta (LH) are dedicated to controlling feeding
through the coordinated actions of orexigenic (feeding-promoting) and anorexigenic (feeding-inhibiting) neurons (Sohn et al.,
2013; Sternson et al., 2013; Yeo and Heisler, 2012; Zeltser
et al., 2012). In addition, neurons in the Arc and LH have been
implicated in the regulation of stress responses, such as in
response to food deprivation and predator odor (Maniam and
Morris, 2012; Canteras et al., 1997; Beijamini and Guimarães,
2006). These nuclei send direct projections to the paraventricular
nucleus (PVN), which acts as the hypothalamic gate of the hypothalamic-pituitary-adrenal (HPA) axis (Maniam and Morris, 2012;
Atasoy et al., 2012; Betley et al., 2013; Sohn et al., 2013; Sternson et al., 2013). Other hypothalamic nuclei, such as the ventral
medial hypothalamus (VMH) and premammillary nucleus (PMN),
perform overlapping and non-overlapping functions with the Arc
and LH in not only regulating different types of responses to
innate stressors such as predator odor but also in conspecific
aggressive, mating, and maternal care behaviors (Canteras
et al., 1997; Lin et al., 2011; Silva et al., 2013; Takahashi, 2014;
Yang et al., 2013). Despite an understanding of these aspects
of hypothalamic control of behavior, the link between developmental mechanisms specifying neuronal identity and manifestation of innate behaviors remains unexplored.
To explore the relationship between genetic mechanisms governing neuronal specification and regulation of hypothalamicdriven innate behaviors, we focused on the developmentally
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Figure 1. Dbx1cKO Targeting Construct and Embryonic Dbx1
Expression
(A) Schematic of Dbx1 conditional targeting approach. LoxP sites flank exons
2, 3, and 4 of the Dbx1 gene. The DNA-binding homeodomain is encoded by
exons 3 and 4.
(B–G) Schematic of rostral (top) to caudal (bottom) coronal views of the embryonic forebrain. Dbx1 expression at E13.5 is shown in Ctrl ([B.i]–[G.i]) and
Dbx1cKO ([B.ii]–[G.ii]) embryos in serial coronal sections. Complete loss of
Dbx1 expression is observed in the preoptic (B.ii), anterior (C.ii), posterior tuberal (E.ii), and anterior mammillary (F.ii) regions, with partial loss of expression
in the anterior tuberal and sparing of the dorsal diencephalon (D.ii) and posterior mammillary regions (G.ii).
(H and I) Regions of the E13.5 embryonic (H) and P90 (I) diencephalon (shaded
gray) dissected for RNA extraction and microarray analyses. The scale bar
represents 500 mm.

regulated transcription factor Dbx1. Dbx1 is widely expressed in
hypothalamic progenitors (Alvarez-Bolado et al., 2012; Causeret
et al., 2011; Flames et al., 2007; Hirata et al., 2009; Lu et al., 1992;
Shoji et al., 1996) and is required for specification of neuronal
subgroups in the spinal cord, midbrain, and hindbrain (Bouvier
et al., 2010; Gray et al., 2010; Inamata and Shirasaki, 2014; Pierani et al., 2001). Employing a combination of approaches, we
find that Dbx1 functions in a highly selective manner in hypothalamic development acting at three interrelated levels. First, at the
developmental level, via regulation of a select set of embryonic
patterning genes, Dbx1 function is restricted to specification of
orexigenic neurons in the Arc and LH. Second, at the circuit level,
Dbx1 is required for the ability of the Arc and LH, and subsequently the HPA axis, to mount appropriate physiological responses to fasting and predator odor. Third, this specificity of
Dbx1 function in hypothalamic development and circuit function
translates to select behavioral deficits in responses to innate
feeding and predator-odor stressors. Thus, our data reveal that
Dbx1-dependent transcriptional control is a common developmental mechanism for specification of functionally related neurons in two distinct hypothalamic nuclei and links embryonic
patterning to the manifestation of innate behaviors.
RESULTS
Hypothalamic-Specific Conditional Deletion of Dbx1
In the embryonic ventral diencephalon, Dbx1 is expressed from
approximately embryonic day (E) 9.5 to E13.5 from the rostral
preoptic domain to the caudal mammillary domain (Alvarez-Bolado et al., 2012; Causeret et al., 2011; Flames et al., 2007; Hirata
et al., 2009) (Figures 1B.i–1G.i). Dbx1 / knockout mice do not
survive beyond birth (Bouvier et al., 2010; Pierani et al., 2001;
Gray et al., 2010), precluding assessment of the long-term consequences of Dbx1 loss-of-function. To overcome this limitation,
we generated a Dbx1 conditional-knockout allele (Dbx1flox/flox)
(Figure 1A), which were crossed to previously generated
Nkx2.1Cre mice (Xu et al., 2008) to generate hypothalamicspecific conditional-knockout mice. The resulting conditionalknockout progeny (Nkx2.1cre;Dbx1c/ mice, herein referred to
as Dbx1cKO mice) were viable, and for all experimental analyses,
Nkx2.1Cre;Dbx1c/+ mice produced from the same cross served
as controls (herein referred to as Ctrl).
In the E13.5 Dbx1cKO forebrain, Dbx1 expression was
maintained in progenitor zones that contribute to the dorsal
404 Neuron 86, 403–416, April 22, 2015 ª2015 Elsevier Inc.

diencephalon (Figure 1D.i and 1D.ii), amygdala, and septum (Figure S1A.i–S1C.ii). In the ventral diencephalon, loss of Dbx1
expression was observed across multiple domains including
the preoptic, anterior, posterior tuberal, and mammillary regions
(Figures 1B.i–1G.ii), areas previously established to generate the
postnatal POA, AH, PVN, Arc, LH, and part of the VMH and PMN
nuclei (Alvarez-Bolado et al., 2012; Caqueret et al., 2006; Kurrasch et al., 2007; Shimogori et al., 2010; Yee et al., 2009). Partial
recombination was observed in the anterior tuberal and posterior
mammillary regions. Thus, Nkx2.1Cre-driven recombination resulted in loss of Dbx1 function across the majority of the hypothalamic primordium and not in the telencephalon.
To assess the consequences of conditional loss of Dbx1 function on embryonic patterning and postnatal gene expression in
an unbiased manner, we performed four separate microarray
screens of mRNA isolated from microdissected male and female
Dbx1cKO and Ctrl embryonic hypothalamic primordium and postnatal hypothalamus (Figures 1H and 1I). From this analysis, we
identified cohorts of genes potentially misregulated in Dbx1cKO
mice at both embryonic and postnatal stages (Table S1). We
refined the candidate genes for subsequent validation based on
three criteria: (1) known or hypothesized role in neural development or hypothalamic function, (2) known expression in the developing or postnatal hypothalamus based on either the published
literature or gene expression atlases (e.g., Allen Brain Atlas), and
(3) significant fold-changes R1.5 in the microarray data.
Altered Patterning in the Embryonic Dbx1cKO and
Dbx1–/– Hypothalamus
We next performed in situ hybridization (ISH) (or immunohistochemistry when antibodies were available) on R3 Dbx1cKO and
Ctrl males and females at four different ages: E13.5, E17.5, postnatal day (P) 21 and P90 (Table S2). Four of the validated genes
expressed in the Arc or LH—the orexigenic neuromodulators
agouti-related protein (Agrp), neuropeptide Y (Npy), hypocretin/orexin (Hcrt), and pro-melanin concentrating hormone
(Pmch)—are highly implicated in stress responses, feeding,
and arousal (Nahon 2006; Berridge et al., 2010; Pankevich
et al., 2010; Maniam and Morris, 2012; Williams and Elmquist,
2012; Domingos et al., 2013). The other validated genes included
Nkx2.4, which encodes a developmentally regulated transcription factor expressed in the ventral diencephalon with no known
function (Small et al., 2000); Ctnnb1, encoding a mediator of the
canonical Wnt signaling pathway (Valenta et al., 2012); and
Dbx1, the targeted gene. In addition to these markers, we
assayed known markers that define hypothalamic patterning
(Table S2). For embryonic analyses, we conducted our assays
using both Dbx1cKO and Dbx1 / embryos, which importantly
provided two genotypes for validating gene expression changes
assigned to Dbx1 function.
At E13.5, we observed a significant decrease in Npy expression in Dbx1 mutant embryos in the primordial Arc, which was
combined with significant decrease in expression of the homeodomain-containing transcriptional regulator Bsx (Figures 2B–
2C.iv), a gene previously shown to be required for generation
of the Npy+/Agrp+ population (Sakkou et al., 2007). In contrast,
we observed no changes in the expression of the anorexigenic
marker Pomc in Dbx1cKO and Dbx1 / embryos (Figures 2D–

2D.iv). Analysis of Dbx1 / embryos importantly confirmed that
the spared Pomc expression at embryonic Dbx1cKO stages
was not due to remnant Dbx1 expression in Dbx1cKO mice.
In the LH, we observed a dramatic decrease in Pmch expression (Figures 2F–2F.iv). In addition, Hcrt expression, which along
with Pmch marks the two major LH output populations, was also
significantly decreased during embryogenesis (Figures 2G–
2G.iv). This corresponded with a significant decrease in expression of Lhx9 (Figures 2H–2H.iv), a LIM-homeodomain-containing
transcription factor required for the specification of Hcrt+ neurons (Dalal et al., 2013). In the primordial LH, using previously
generated BAT-GAL mice as a readout of Wnt-signaling (Maretto
et al., 2003), we also observed increased numbers of Wntresponsive cells in Dbx1 mutant embryos (Figures 2I–2I.iv).
This increase was combined with an expansion of Nkx2.4
expression (Figures 2J–2J.iv). Together, these data reveal that
Dbx1 is required for repression of Nkx2.4 expression and overproduction of Wnt-responsive cells in the LH. In the E15.5 LH,
some of these Wnt-responsive cells express Calbindin, a marker
of inhibitory interneurons (Figures S2B–S2F). The number of colabeled cells, as well as the number of Calbindin+ neurons, was
significantly increased in the embryonic Dbx1 / LH (Figure
S2). This increase in Calbindin+ neurons persisted in the postnatal Dbx1cKO LH (data not shown). Thus, Dbx1 both positively
and negatively regulates the expression of patterning genes
and markers of select Arc and LH neuronal subpopulations in
the hypothalamic primordium (Figure 2L).
Despite the widespread expression of Dbx1 in a broad portion
of the embryonic ventral diencephalon, patterning of other
hypothalamic nuclei including the PVN, VMH, and PMN were
surprisingly unaffected in both Dbx1cKO and Dbx1 / embryos
(Figure S3). Thus, Dbx1 function appears to be restricted to
specification of orexigenic neurons and generation of proper
numbers of Calbindin+ neurons.
Changes in Expression of Orexigenic Neuromodulators
in Postnatal Dbx1cKO Mice
To determine if the select embryonic changes mentioned above
resulted in alterations in neuronal populations in the postnatal
Arc and LH, we assessed expression of a series of genes that
mark these populations. As the hypothalamus contains many
sexually dimorphic neuronal populations (Manoli et al., 2013;
Simerly 2005), we quantified neuronal changes in both sexes.
In the Arc, orexigenic neurons are characterized by their coexpression of Agrp and Npy, whereas anorexigenic neurons
are characterized by their expression of Pomc and Cart
(Broberger, 1999; Horvath et al., 1997; Ovesjö et al., 2001);
both populations are Dbx1-derived (data not shown). In both
male and female postnatal Dbx1cKO mice, we observed a significant decrease in expression of Agrp and Npy (Figures 3B–3C.ii).
This corresponded with a decrease in the level of Agrp detected
in Agrp+ projection fields (Figure S4A.i–S4.G). In contrast, we
observed no changes in expression of Pomc mRNA (Figures
3D–3D.ii) or Pomc or Cart protein (Figures S4H and S4I.ii) in
the Dbx1cKO Arc. Moreover, expression of tyrosine hydroxylase
(TH), which marks dopaminergic neurons in the Arc (Chan-Palay
et al., 1984), was also unchanged in Dbx1cKO mice (Figures S4J–
S4J.ii).
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Figure 2. Embryonic Gene Expression
Changes in Dbx1cKO and Dbx1–/– Mice
Schematic of a coronal view of the E13.5 brain at
the level of the Arc (A) and LH (E) show the regions
analyzed in (B)–(D.iv) and (F)–(J.ii), respectively.
(A–D) In the Arc, significant decreases in Npy ([B]–
[B.iv]) and Bsx ([C]–[C.iv]) expression are observed
in both Dbx1cKO and Dbx1 / embryos at E13.5
and E17.5, respectively. No changes in expression
of Pomc are observed in either Dbx1cKO or Dbx1 /
embryos at E13.5 ([D]–[D.iv]).
(E–J) In the LH, a significant decrease in Pmch ([F]–
[F.iv]), Hcrt ([G]–[G.iv]), and Lhx9 ([H]–[H.iv])
expression is observed in both Dbx1cKO and
Dbx1 / embryos at E13.5 or E17.5, respectively.
Significant increases in numbers of Wnt-responding cells as revealed by LacZ staining in E17.5
Dbx1cKO;BAT-GAL+/ and Dbx1 / ;BAT-GAL+/
embryos ([I]–[I.iv]). Expansion of Nkx2.4 expression
domain ([D]–[D.iv]) in Dbx1cKO and Dbx1 / embryos at E13.5 is observed.
(K) Summary diagram of the changes in embryonic
gene expression in Dbx1 mutants.
(L) Putative model of gene interaction.
Mean ± SEM; n = 3–22 per experimental group;
*p < 0.05; **p < 0.01. The scale bar represents
500 mm.

Differential expression of the neuropeptides Pmch and Hcrt
define the two major neuronal output populations in the LH (Burdakov et al., 2005b). At P21 and P90, we observed a significant
406 Neuron 86, 403–416, April 22, 2015 ª2015 Elsevier Inc.

decrease in the expression of Pmch
mRNA (Figure 3F–3Fii) and Pmch protein
(Figures S4K–S4K.ii) in both male and female Dbx1cKO mice. Pmch neurons also
co-express Nesfatin and Cart (Croizier
et al., 2010; Elias et al., 2001; Fort et al.,
2008), which were also decreased in
Dbx1cKO LH (Figures S4L and S4M.ii) populations that are also Dbx1-derived (data
not shown). Surprisingly, however, the
decrease in Hcrt and Lhx9 observed in
the embryonic LH (Figures 2G–2H.iv) was
not observed in the postnatal LH of
Dbx1cKO mice (Figures 3G–3H.ii), indicating that postnatal expression of these
genes are Dbx1 independent. Collectively,
these data show that in the LH and Arc,
Dbx1 is selectively required for the
postnatal expression of most orexigenic,
but not anorexigenic or dopaminergic,
neuromodulators.
To explore whether loss of Dbx1 function affected postnatal gene expression
in the PVN, VMH, and PMN, we assessed
expression of Avp, Sim1, Oxt, Fezf1,
Nr5a1, and Lef1, markers that define
these nuclei (Caqueret et al., 2006; Goshu
et al., 2004; Shimogori et al., 2010). Comporting with the lack of changes in embryonic patterning of these
nuclei (Figure S3), the expression of each of these markers was
unchanged in postnatal Dbx1cKO mice (Figure S5). This finding

Figure 3. Postnatal Decreases in Orexigenic Gene Expression in Dbx1cKO Males
and Females
Schematic of a coronal view of the postnatal brain
at the level of the Arc (A) and LH (E) show regions
analyzed at P90 in (B)–(D.ii) and (F)–(H.ii), respectively.
(A–D) In the Arc of both male and female Dbx1cKO
brains, a significant decrease in expression of
Agrp ([B]–[B.ii]) and Npy ([C]–[C.ii]) is observed with
no change in expression of Pomc ([D]–[D.ii]).
(E–H) In the LH of both male and female Dbx1cKO
brains, a significant decrease in expression of
Pmch ([F]–[F.ii]), with no changes in expression of
Hcrt ([G]–[G.ii]) or Lhx9 ([H]–[H.ii]) is observed.
(I) Summary diagram of the changes in postnatal
gene expression in Dbx1cKO mice.
Mean ± SEM; n = 4–17 per sex, per experimental
group; *p < 0.05; **p < 0.01, ***p < 0.0001. The
scale bars represent 250 mm.

further illustrates the restricted function of Dbx1 in specification
of neuronal subsets in the Arc and LH.
Altered Hypothalamic Circuit Function in Dbx1cKO Mice
Given the observed alterations in embryonic expression of Lhx9,
Hcrt, Pmch, and Calbindin (Figures 2 and S2) and in postnatal
expression of Pmch, Nesfatin, Cart, and Calbindin (Figures 3
and S4) in Dbx1 mutants, we hypothesized that function of LH
would be disrupted. Unique to Pmch+ and Hcrt+ neurons in the
LH are their evoked action potentials in response to glucose.
Pmch+ neurons are electrophysiologically silent at low physiological levels of extracellular glucose but generate action potentials at higher levels. In contrast, Hcrt+ neurons respond to low
glucose but are silent at increased concentrations (Burdakov
and Alexopoulos, 2005; Burdakov et al., 2005a, 2005b). To

investigate the function of these two
neuronal populations, we performed 60grid multiple electrode array (MEA) extracellular field recordings of the LH in acute
brain slices from postnatal Dbx1cKO and
Ctrl mice bathed in low- and high-glucose
medium (Figures 4A and 4B). Compared
with Ctrl brain slices, slices from Dbx1cKO
brains displayed 85% lower average
spike density in low-glucose aCSF
(0.2 mM). Similarly, when the superfusion
medium was switched to high-glucose
aCSF (5.0 mM), the average spike frequency in Dbx1cKO mice was significantly
lower (by 50%) than in Ctrl mice (Figures 4C–4H). These data demonstrate
that glucose-sensitive LH neuron function is impaired in Dbx1cKO mice. Despite
this dysfunction, glucose tolerance, a
process primarily mediated by the
 et al., 1976), was unafpancreas (Efendic
fected in Dbx1cKO mice (Figure 4I). This
functional defect in the ability of the Dbx1cKO LH to respond to
high glucose levels is likely due to reduced Pmch+ neuron number. In addition, despite recovery of expression of Lhx9 and Hcrt
in postnatal Dbx1cKO mice, the mutant LH also fails to properly
respond to low glucose.
The Arc and the LH form a circuit with each other (Larsen
et al., 1994; Peyron et al., 1998; Atasoy et al., 2012; Betley
et al., 2013) (Figures S6A–S6E.ii) and with the PVN, which
initiates corticosterone (Cort) release in response to stress via
the HPA axis (Takahashi, 2014) (Figure 5A). The Arc-LH-PVN
circuit regulates homeostatic responses to a variety of stressors
as well as regulation of food intake (Maniam and Morris
2012; Canteras et al., 1997; Berridge et al., 2010). In addition,
Agrp neurons are activated during fasting (Wagner et al.,
2004; Wu et al., 2014), and the LH is activated in response to
Neuron 86, 403–416, April 22, 2015 ª2015 Elsevier Inc. 407

predator-induced stress (Canteras et al., 1997; Beijamini and
Guimarães, 2006). Because our above findings revealed deficits
in specification and function of Arc and LH neuronal subpopulations (Figures 2–4, S2, and S4), we next wanted to examine if
these alterations resulted in deficits in Arc, LH, and PVN responsiveness to various stressors: innate predator stress (exposure
to rat odor) and a food deprivation stressor (fasting). After a single exposure to the rat odor, Ctrl females, but not Ctrl males,
displayed the expected increase in plasma levels of Cort (Figures 5B and 5C, white bars). Interestingly, Dbx1cKO females
had an attenuated Cort response to this innate stressor that is
unchanged from the response to benign bedding. (Figure 5C,
gray bars). Thus, Dbx1cKO females did not display the typical
physiological response to this stimulus. To determine whether
neurons in the Arc-LH-PVN circuit are activated normally in
the presence of both predator odor and fasting stressors, we
next assessed c-Fos expression. After exposure to predator
odor, female Ctrl animals displayed the expected significant increase in the number of c-Fos+ cells in the Arc, LH, and PVN
(Canteras et al., 1997; Beijamini and Guimarães, 2006). Strikingly, the number of c-Fos+ cells in these regions in Dbx1cKO females did not increase (Figures 5D–5I.i). To further probe the
activation of the Arc-LH-PVN circuit in another stress paradigm,
we assessed stress-feeding responsiveness in which animals
were fasted for 12 hr and then analyzed for c-Fos expression.
Similar to the lack of neuronal activation in response to predator
odor, Dbx1cKO mice also displayed a lack of increase in
numbers of c-Fos+ cells in all three regions after fasting (Figures
S6F–S6N.i). Together, these data reveal deficits in the level of
neuronal activation within the Arc, LH, and PVN in Dbx1cKO
mice in response to two different stressors and links misspecification of subpopulations of Arc and LH neurons to circuit
dysfunction.

Figure 4. Altered Function of LH Neurons in Postnatal Dbx1cKO Males
(A) Schematic indicating location of the placement of the 60-channel multiple
electrode array (MEA) at the region of the LH (red square).
(B) Image of the MEA on the hypothalamus of a coronal brain.
(C–F) Prototypical traces from extracellular recordings of glucose-responsive
units (neurons) from the LH of Ctrls ([C] and [E]) and Dbx1cKO ([D] and [F]) male
mice at P17–P20. Traces show the response of the units in low (0.2 mM; C-D)
and high-glucose (5.0 mM; [E] and [F]) aCSF.
(G) Maximum spike frequency of glucose responsive units obtained during a
15 min recording in 0.2 mM glucose and subsequent 15 min recording in
5.0 mM glucose.
(H) Averages of the maximum spike frequency of glucose-responsive units
shown in (G).
(I) Glucose tolerance was unaffected in adult Dbx1cKO males after glucose
injection (2 g/kg bw) or a 12 hr fast.
(J) Diagram showing the known function of high-glucose-sensing (Pmch+) and
low glucose sensing (Hcrt+) neurons in the LH.
Mean ± SEM; n = 3–5 per experimental group; *p < 0.05; **p < 0.01. Scale bar
represents 200 mm.
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Dbx1 Is Required for Innate Stress Behavioral
Responses
As our above data revealed, Arc and LH neuronal populations
and circuits that are essential for feeding and stress responses
were altered in Dbx1cKO mice. To determine the behavioral effect
of these alterations, we next conducted a comprehensive
battery of assays to examine the status of energy homeostasis
and predator avoidance responses in Dbx1cKO mice. First, we
observed a subtle decrease in body weight in male Dbx1cKO
mice after the weaning period (P > 30), a phenotype not
observed in females (Figures 6A and 6B). This sexually dimorphic
weight decrease correlated with increased activity (Figures 6C
and 6D) rather than changes in food intake or metabolism as
measured by our assays (Figures 6G and S7E–S7G). No changes
in these measures were detected in female Dbx1cKO mice (Figures 6E, 6F, 6I, and S7H–S7J). Therefore, despite causing a
similar decrease in orexigenic neurons in both sexes, loss of
Dbx1 function only affects male activity, representing a potential
contributor to lower body weight. Interestingly, however, female
Dbx1cKO mice ate less than Ctrl after fasting or restricted feeding
paradigms (Figures 6J and 6L), and a decrease in body weight
was detected in both males and females after restricted feeding
or high-fat diet paradigms (Figures 6M–6Q). Together, these
findings indicate that although Dbx1 functions to specify the

Figure 5. Altered Function of LH and Arc Circuit in Postnatal Dbx1cKO Males and Females
(A) Diagram of the HPA axis, with neurons in the Arc and LH projecting to the PVN forming the stress-feeding circuit. During a stressful event, the PVN stimulates
the release of CRF, triggering the release of ACTH from the pituitary, which causes the release of Cort from the adrenal glands (Herman et al., 1996).
(B) Male plasma Cort levels in Ctrl mice exposed to benign odors (clean bedding; white bars) are not significantly changed compared to Ctrl mice exposed to rat
odor (bedding from a rat cage; white bars). Male Dbx1cKO mice also display no changes in Cort response (black bars).
(C) Female Cort levels in Ctrl mice (white bars) are significantly increased in the presence of rat odor as compared to benign odor. In contrast, in female Dbx1cKO
mice (gray bars) Cort levels do not increase in the presence of rat odor compared to benign odor.
(D–F) Schematic of a coronal view of the postnatal brain at the level of the Arc (D), LH (E) and PVN (F) with a red box indicating corresponding areas of IHC images.
(D.i–F.iv) Representative images of c-Fos expression in the Arc, LH and PVN 1 hr after exposure to benign ([D.i], [E.i], and [F.i] and [D.iii], [E.iii], and [F.iii]) or rat
odors ([D.ii], [E.ii], and [F.ii] and [D.iv], [E.iv], and [F.iv]) in Ctrl (D.i-F.ii) and Dbx1cKO ([D.iii], [D.iv], [E.iii], [E.iv], [F.iii], and [F.iv]) mice.
(G–I.i) Significant increases in numbers of c-Fos+ cells in Ctrl females exposed to rat odor compared to benign odor are observed in the Arc (G), LH (H), and PVN (I)
(white bars) with no change in numbers of c-Fos+ cells in Dbx1cKO females (gray bars). Compared to Ctrl, the fold-change in c-Fos+ cells after exposure to rat odor
is significantly lower in Dbx1cKO female Arc (G.i), LH (H.i), and PVN (I.i).
Mean ± SEM; n = 3–11, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Body Weight, Activity, and Food
Consumption in Dbx1cKO Males and Females
(A and B) Body weight (in g) of mice on a regular
chow diet was assessed from P25 until P160. A
significant decrease in body weight of Dbx1cKO
males (A), but not females (B), is observed at later
postnatal ages.
(C–F) Home-cage activity was assessed in P30
mice over a 24 hr period in a metabolic chamber
in P30 mice given a regular chow diet. A significant increase in the number of horizontal line
crossings is observed in Dbx1cKO males (D) but
not females (F).
(G and I) Daily food consumption of mice on a
regular chow diet was assessed from P25 until
P160, with no significant changes observed in
either sex.
(H and J) After a 12 hr fast, food consumption
was recorded for 24 hr. A significant decrease
in the amount of food consumed during the 24 hr
re-feeding period is observed in Dbx1cKO females
(J) but not males (H).
(K and L) Food consumption was recorded during
different feeding paradigms (regular, restricted,
or high-fat diet) after a 24 hr (and 30 min with
restricted diet) re-feeding period. Dbx1cKO females
ate significantly less than Ctrl while on a restricted
diet (L) with no changes in food consumption while
on a regular or high-fat diet. In contrast, Dbx1cKO
males showed no changes in feeding under any
condition (K).
(M and P) Body weight was recorded daily during
different feeding paradigms (regular, restricted, or
high-fat diet).
(M) Body weight in Dbx1cKO males is significantly
lower compared to Ctrl males under all feeding
paradigms tested.
(P) Significant decreases in body weights of
Dbx1cKO females were only observed after
restricted or high-fat feeding paradigms.
(N) Significant decrease in body fat composition
in Dbx1cKO males after 7 weeks on a high-fat diet.
Body weight and fat composition was matched in each subject to give a percent fat for each subject (n = 5 mice per group).
(O and Q) Images of Ctrl and Dbx1cKO mice after 7 weeks on a high-fat diet.
Mean ± SEM; unless stated otherwise n = 9–15 per experimental group; *p < 0.05.

same neuronal subgroups in both sexes, there is a sexually
dimorphic difference in weight/activity and stress-related
feeding behaviors.
To examine behavioral responses to predator-induced stress
responses, we next exposed Dbx1cKO and Ctrl mice to rat
odor. Responses to this strong innate stressor are typically characterized by stereotyped fear behaviors that begin with an initial
risk assessment (cautious approach), followed by escape responses including climbing (Apfelbach et al., 2005; Blanchard
et al., 2005; Martinez et al., 2008; Silva et al., 2013). Because
of the female-specific stress response (i.e., Cort release) in this
paradigm (Figures 5B and 5C), we focused our behavioral
assessments on female mice. Ctrl female mice presented with
rat odor displayed a significant increase in escape behaviors
compared to presentation with a benign odor (Figures 7A and
7B). In striking contrast, Dbx1cKO female mice responded equivalently to rat odor and benign stimulus; these females displayed
410 Neuron 86, 403–416, April 22, 2015 ª2015 Elsevier Inc.

significantly fewer and shorter escape behaviors compared to
Ctrl (Figures 7A and 7B; Movie S1). Similarly, when exposed to
rat odor, Dbx1cKO females did not display the normal increased
duration of risk assessments (Figure 7C). Instead, Dbx1cKO females displayed more casual chemoinvestigative behavior with
a significantly longer duration of sniffing the rat odor compared
to Ctrl females (Figure 7D). No differences were observed in
the open field assay, suggesting that baseline stress was unaffected in Dbx1cKO mice (Figures 7E and 7F). In summary, these
data show that loss of Dbx1 strikingly correlates with a lack of
appropriate behavioral responses to a strong stressor stimulus.
The hypothalamus also regulates a number of other innate behaviors such as mating, male conspecific aggression, maternal
aggression, pup retrieval, and territorial urine marking (Yang
and Shah, 2014; Stowers et al., 2013; Sokolowski and Corbin,
2012; Dulac and Wagner, 2006). Although Dbx1 was deleted
from the VMH and PMN progenitor zones (Figure S1), nuclei

function of Dbx1 in specification of subsets of Arc and LH
neurons.
DISCUSSION
A central goal in neuroscience is to understand the mechanisms by which information encoded during embryogenesis
is translated into building circuitry that mediates the vast array
of behaviors displayed by complex organisms. Here, we used
a multidisciplinary approach combining conditional gene deletion, gene expression analyses, electrophysiology, and animal
behavior to demonstrate that a single developmentally regulated
transcription factor, Dbx1, specifies a restricted subset of
neurons forming hypothalamic circuits that selectively control
innate physiological and behavioral responses to stress.
Collectively, our results suggest a model in which Dbx1-dependent processes link developmental genetic control of hypothalamic development with circuit function and innate behaviors
(Figure 8).

Figure 7. Altered Innate Stress Behaviors of Dbx1cKO Females
(A and B) Female Ctrl mice spend significantly more time climbing (A) and have
increased number of climbs (B) during a 15 min exposure to rat odor compared
to benign odor (white bars). In contrast, female Dbx1cKO mice display no significant difference in the amount of time climbing (A) or number of climbs (B)
when exposed to rat odor compared to benign odors (gray bars).
(C and D) Female Ctrl mice (white bars) in the presence of rat odor compared
to benign odor spend more time engaged in cautious chemoinvestigative
(risk assessment) behaviors (C) and less time engaged in casual chemoinvestigation (sniffing) (D). In contrast, female Dbx1cKO mice (gray bars) in the
presence of rat odor have no change in the time spent risk assessing (C) and
spend significantly more time sniffing the rat odor compared to Ctrl mice (D).
(E and F) Baseline stress levels as assessed by time spent in the center of an
open field are unchanged in both male and female Dbx1cKO mice compared to
Ctrls.
Mean ± SEM; n = 11–15 per experimental group, *p value < 0.05. See also
Movie S1.

that are involved in these behaviors (Gross and Canteras, 2012;
Sokolowski and Corbin, 2012), we found that they were not
altered (Figure S8). These data also importantly indicate that
Dbx1cKO mice do not lack the ability to sense and process specific modalities of chemosensory information. This is further supported by the ability of Dbx1cKO mice to find hidden food in a
basic olfaction test (Figures S8G and S8O). Furthermore, the narrow range of observed behavioral phenotypes—namely, those
involved in stress responses—is consistent with the restricted

Dbx1 Specifies Orexigenic Neurons
While the hypothalamus is less well studied than other regions of
the neuraxis such as the spinal cord and cerebral cortex, a series
of relatively recent genetic loss- and gain-of-function studies
have identified some of the genes critical for development of
diverse sets of hypothalamic neuronal subpopulations. Collectively, these studies have revealed that in a manner similar to
those seen in other regions of the nervous system, both developmentally regulated extrinsic (e.g., Shh, BMPs, and Wnts) and
intrinsic (e.g., bHLH and homeodomain-containing transcription
factors such as Lhx2, Rax, Nkx2.1, Mash1, and Otp) factors are
essential for either regional patterning of the hypothalamus
or specification of neuronal subpopulations (Caqueret et al.,
2006; McNay et al., 2006; Lu et al., 2013; Peng et al., 2012; Shimogori et al., 2010; Szabó et al., 2009; Wang et al., 2012; Wolf
and Ryu, 2013; reviewed in Hoch et al., 2009; Kaji and Nonogaki,
2013; Lee and Blackshaw, 2014; Salvatierra et al., 2014). Here,
we find that Dbx1 is required for the specification of orexigenic
Npy+/Agrp+ neurons in the Arc and Pmch+ and Hcrt+ output neurons in the LH. This selective function for Dbx1 in the hypothalamus is reminiscent of its role in the specification of select subsets
of neurons in the spinal cord, hindbrain, and midbrain. In each of
these areas, Dbx1 is required for the expression of cohorts of
specific effector genes, which work together in a region-specific
manner to direct the formation of either V0 spinal cord interneurons, hindbrain Pre-Bötzinger complex neurons, or midbrain
commissural neurons (Bouvier et al., 2010; Gray et al., 2010;
Inamata and Shirasaki, 2014; Pierani et al., 2001). Our results
further suggest a molecular mechanism by which Dbx1 may
act to specify orexigenic hypothalamic neuronal subgroups in
the Arc and LH via regulation of select embryonic effector genes
(i.e., Bsx, Nkx2.4, and Lhx9).
The Arc complex contains molecularly and functionally distinct
neuronal populations operating within the feeding and stress
neural circuitry (Maniam and Morris, 2012; Atasoy et al., 2012;
Betley et al., 2013; Sohn et al., 2013; Sternson et al., 2013). Previous studies have revealed that development of the Npy+/Agrp+
neurons requires the action of the homeodomain-containing
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tional cascade specifying Arc orexigenic neurons. However,
whether this is direct transcriptional control remains unknown
and will prove interesting to explore. In contrast, we find that
development of the anorexigenic Pomc+ and TH+ neuronal populations is Dbx1 independent.
In the LH, the two major projection neuron populations are the
Pmch+ and Hcrt+ neurons. With regard to the Pmch+ population,
we find a dramatic reduction of Pmch, Cart, and Nesfatin expression in the postnatal Dbx1cKO LH. Since Cart and Nesfatin are coexpressed with Pmch (Croizier et al., 2010; Elias et al., 2001; Fort
et al., 2008), the most parsimonious explanation is that this population is almost completely absent in the postnatal LH. Moreover, this loss correlates with an expansion of the Calbindin+
population in the Dbx1 mutant LH. These changes are also linked
to an expansion of embryonic expression of the homeodomaincontaining gene Nkx2.4 and an increase in the number of
Wnt-responsive cells that co-label with Calbindin. This suggests
that Dbx1 is required for the specification of the progenitor pool
that generates the Pmch+ population possibly via repression of
Nkx2.4. This positive and negative regulation by Dbx1 is similar
to its function in the spinal cord where it acts to positively regulate V0 genetic programs and to repress genetic programs
required for the development of V1 neurons derived from the
adjacent progenitor domain (Pierani et al., 2001).
Although we have yet to understand the full cohort of genes
that are directly and indirectly regulated by Dbx1, our data
show that Dbx1 is required high in the hierarchy of genes that
control development of orexigenic neuronal subpopulations
(Figure 8).

Figure 8. Summary and Model
(A) Summary of findings in Dbx1 mutant embryonic and postnatal brains.
Changes in gene expression are schematically shown at embryonic and (A.i)
and postnatal stages (A.ii). Dbx1 expression is shown in the embryonic VZ
([A.i]. green).
(B) Proposed model of Dbx1-dependent and Dbx1-independent specification
of hypothalamic neurons, nuclei, and behaviors.
(B.i) Dbx1 appears to function via repression of Nkx2.4 and positive genetic
interaction with Lhx9 and Bsx to specify orexigenic neuropeptide-expressing
(Pmch, Hcrt, and Npy) neurons. Dbx1 also negatively regulates the number of
Wnt-responsive cells, either directly or via an intermediary such as Nkx2.4,
resulting in regulation of the appropriate number of Calbindin+ neurons. White
arrows indicate putative genetic interactions but do not detail direct or indirect
mechanisms.
(B.ii) Defects in the specification of LH and Arc in Dbx1cKO are correlated with
alterations in postnatal orexigenic peptide expression, neuronal function, and
stress-feeding circuit function after fasting and predator odor exposure (white
areas). Dbx1-independent pathways (gray areas) presumably act in parallel to
specify anorexigenic peptide-expressing (Pomc/Cart) neurons in the Arc, as
well as other genes and innate behaviors associated with PVN, PMN and VMH
hypothalamic nuclei.
(B.iii) Behaviors altered in the adult Dbx1cKO mice are shown in white area while
behaviors unaltered in adult Dbx1cKO mice are termed Dbx1 independent (gray
area). Large green arrows indicate presumed link between Dbx1-dependent
embryonic patterning, neuron and circuit function, and behavior.

gene Bsx (Sakkou et al., 2007). We find a reduction of Bsx
expression in Dbx1 mutant embryos that correlates with the
reduction in Npy/Agrp expression. This reveals a genetic interaction between Dbx1 and Bsx as part of a combinatorial transcrip412 Neuron 86, 403–416, April 22, 2015 ª2015 Elsevier Inc.

Dbx1 Is Required for Stress-Feeding Circuit Function
Altered specification of the Agrp+/Npy+, Pmch+, and Hcrt+ neurons in the Arc and LH would be expected to lead to a dysfunctional circuit. Here we demonstrate by a number of criteria that
Dbx1 is required for proper circuit function in the postnatal hypothalamus. Unlike most other neurons, a known function of Pmch+
and Hcrt+ neurons is to respond to high and low glucose levels,
respectively (Burdakov et al., 2005a, 2005b). A notable decrease
in the electrophysiological response to high glucose was
observed in the Dbx1cKO LH, demonstrating an impaired function
of the Pmch+ population, most likely due to loss of these neurons. Likewise, the postnatal Dbx1cKO LH also fails to respond
properly to low glucose; therefore, the Hcrt+ population remains
electrophysiologically dysfunctional despite the postnatal recovery of Hcrt and Lhx9 expression.
The LH, Arc, and PVN form a circuit that regulates normal
responses to a variety of stressors. In response to stressors,
including predator stress and fasting, the PVN stimulates peripheral Cort release as part of the HPA axis (Herman et al., 1996;
Takahashi, 2014). LH neuronal activation is also part of the hypothalamic response to predator-odor stressors (Canteras et al.,
1997; Beijamini and Guimarães, 2006), and the LH sends projections directly to the PVN (Larsen et al., 1994) (Figures S6A–
S6E.ii). Moreover, Pmch signaling in the LH acts as an anxiogen
to facilitate the stress response, including Cort release (Borowsky et al., 2002; Smith et al., 2006). Thus in Dbx1 mutants,
misspecification and dysfunction of the Pmch+ and Hcrt+ populations, both of which comprise projection neurons, can manifest

as an impairment in HPA axis activation. The PVN is also a major
projection target of Npy+/Agrp+ neurons (Atasoy et al., 2012;
Betley et al., 2013) (Figure S4C.i), which we show to be under
Dbx1 regulatory control. In Dbx1cKO mice, the reduced Npy+/
Agrp+ population produces fewer Agrp+ projections to all known
targets, including LH and PVN. Moreover, previous studies have
revealed links between stressors, Agrp expression, and HPA
axis activation (Maniam and Morris, 2012; Vieau et al., 2007).
In addition to revealing a function for Dbx1 in specification of
Arc and LH populations and in producing normal responses to
glucose, we demonstrate that c-Fos activation in the Arc, LH,
and PVN of Dbx1cKO mice is impaired in response to predator
odor and fasting, two well-characterized stressors that engage
the HPA axis. Correlating with this finding is the lack of normal
Cort release in Dbx1cKO mice after exposure to the predator
odor stressor. Together, these data suggest that Dbx1 is
required for normal development and function of the HPA axis
and provides an important link between the molecular and circuit
deficits.
In addition to the PVN, two other major nuclei regulating predator-stress responses are the VMH and PMN (Gross and Canteras, 2012; Sokolowski and Corbin, 2012). Although we cannot
rule out subtle defects in neuronal specification within the PVN,
VMH, or PMN, gross patterning of these nuclei as assessed by
multiple markers appears unaffected in Dbx1 mutants. Most
significantly, we find normal expression of Nr5a1, a marker of
neurons that comprise the VMH innate fear circuit (Silva et al.,
2013). This is consistent with the notion that the deficit in the
stress-feeding circuit arises from defects in the LH and Arc.
Thus, the observed decreases in Agrp+ projections to the PVN,
combined with defects in LH function, provide the most direct
explanation for the altered physiological responses to food
deprivation and predator odor stressors (Figure 8). Despite being
transiently expressed only during the progenitor stage within
the hypothalamic primordium, Dbx1 appears to set in motion a
genetic program whose disruption carries significant consequences for later circuit function. However, whether this is
through direct consequence of mis-specification of orexigenic
neurons or by other secondary compensatory mechanisms is
still unknown.
Dbx1 Is Required for Stress-Feeding Behaviors
Considering the known roles of the Npy+/Agrp+, Pmch+, and
Hcrt+ populations in regulating feeding behavior, we anticipated
a decrease in feeding in Dbx1cKO mutants. However, under
normal feeding conditions, we observed a subtle decrease in
weight only in male mutants. This decrease was not correlated
to changes in food intake or metabolism, but instead was associated with hyperactivity. However, the precise cause of the
decrease in weight remains unclear and may be due to a combination of activity and subtle metabolic changes undetected in
our assays. Nevertheless, the relatively mild decrease in body
weight observed in male Dbx1cKO mice is generally consistent
with studies uncovering differences in the severity of phenotypes
between embryonic versus postnatal manipulations of feeding
systems. For example, developmental ablation of Agrp+/Npy+
or Pmch+ neurons or embryonic deletion of the genes encoding
Agrp, Npy, or Pmch has mild to no effect on adult feeding (Luquet

et al., 2005; Shimada et al., 1998; Erickson et al., 1996a, 1996b;
Qian et al., 2002; Palmiter et al., 1998). In contrast, adult neuronal
ablation leads to dramatic effects on feeding (Luquet et al., 2005;
Whiddon and Palmiter, 2013; Gropp et al., 2005).
Interestingly, in response to restricted access to food or
fasting, we observed a deficit in food consumption in female
Dbx1cKO mice. This suggests that the Dbx1-dependent developmental defect in neuronal specification manifests as a feeding
deficit only under stress-related feeding conditions, such as
limited food sources, and in a sexually dimorphic manner. The
apparent critical role for Dbx1 in specific stress pathways is
most strongly supported by the striking finding of a profound
deficit in predator odor avoidance in Dbx1cKO mice. This dramatically correlates with a lack of elevated plasma levels of Cort,
suggesting that the Dbx1cKO hypothalamus is deficient in its ability to process aversive information imparted by predator odor.
These select behavioral deficits are consistent with the above
mentioned molecular and circuit deficits and suggests a model
that links Dbx1-dependent deficits at molecular, circuit, and
behavioral levels (Figure 8).
In summary, although the precise mechanistic function of
Dbx1 in executing hypothalamic developmental programs
remains to be elucidated, our findings reveal a common
requirement for Dbx1 in establishing circuits that regulate
innate responses to select stressors. This appears to occur
via requirement for this transcription factor in specification of
hypothalamic neuronal subpopulations critical for normal HPA
axis function.
EXPERIMENTAL PROCEDURES
Animals
Conditional-knockout mice (Dbx1cKO: Nkx2.1Cre+/ -;Dbx1c/ ) and controls
(Ctrl: Nkx2.1Cre+/ ; Dbx1c/+) were obtained by crossing Nkx2.1Cre+/ ;
Dbx1+/ males with Dbx1flox/flox females. Dbx1 knockout mice (KO: Dbx1 / )
and controls (WT/Het: Dbx1+/+ and Dbx1+/ ) were obtained by crossing male
and female Dbx1+/ mice. See Supplemental Experimental Procedures for
more details.
Gene Expression Profiling
RNA was isolated from E13.5 hypothalamic primordium or 3- to 4-month-old hypothalamic tissue and analyzed using Illumina Gene Expression BeadChip Array
technology. See Supplemental Experimental Procedures for more details.
Histology
We performed ISH and IHC on serial coronal sections spanning the rostrocaudal extent of the hypothalamus. All comparable sections (e.g., Ctrl versus
Dbx1cKO) were on the same slide and treated/imaged under the same conditions. See Supplemental Experimental Procedures for more details.
MEA Electrophysiology
300 mM P17–P20 brain slices (bregma 2.06 to 2.30 mm) were transfered to
a 60-channel MEA. The chamber was maintained at 30 C under continuous
perfusion (2 ml/min) of oxygenated aCSF for 1 hr prior to data acquisition. A
15 min recording of spontaneous spiking activity of each slice was acquired.
The superfusion solution was then switched to a high-glucose (5.0 mM)
aCSF solution, and a 1 hr recording was obtained. See Supplemental Experimental Procedures for more details.
Glucose Challenge
Tail vein blood was used to determine blood glucose (BG) levels with a glucometer (Accu-Chek Compact Plus). BG was determined at time 0 before
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an intraperitoneal injection of glucose (2 mg/kg) and then 15, 30, 45, and
120 min afterward. Mice were then fasted 12 hr, and BG was taken again.
Behavior Assays
All non-feeding behavior assays were video-recorded and scored independently by two investigators blind to genotype using the Scorevideo program
for MatLab (Wu et al., 2009). Unless otherwise stated, all animals were
group-housed by sex after weaning and then singly housed and habituated
to the behavioral assay 3 days prior to experiment, which took place >1 hr after
the beginning of the dark cycle. See Supplemental Experimental Procedures
for more details.
ELISA
Serum from blood was collected 1 hr after first exposure to bedding (benign or
rat). Samples were run in duplicate using Cort ELISA kits (Abcam ab108821)
per manufacturer’s recommendations. See Supplemental Experimental Procedures for more details.
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Tschöp, M.H., and Treier, M. (2007). A role for brain-specific homeobox factor
Bsx in the control of hyperphagia and locomotory behavior. Cell Metab. 5,
450–463.
Salvatierra, J., Lee, D.A., Zibetti, C., Duran-Moreno, M., Yoo, S., Newman,
E.A., Wang, H., Bedont, J.L., de Melo, J., Miranda-Angulo, A.L., et al. (2014).
The LIM homeodomain factor Lhx2 is required for hypothalamic tanycyte
specification and differentiation. J. Neurosci. 34, 16809–16820.
Shimada, M., Tritos, N.A., Lowell, B.B., Flier, J.S., and Maratos-Flier, E. (1998).
Mice lacking melanin-concentrating hormone are hypophagic and lean.
Nature 396, 670–674.
Shimogori, T., Lee, D.A., Miranda-Angulo, A., Yang, Y., Wang, H., Jiang, L.,
Yoshida, A.C., Kataoka, A., Mashiko, H., Avetisyan, M., et al. (2010). A
genomic atlas of mouse hypothalamic development. Nat. Neurosci. 13,
767–775.
Shirasaki, R., and Pfaff, S.L. (2002). Transcriptional codes and the control of
neuronal identity. Annu. Rev. Neurosci. 25, 251–281.
Shoji, H., Ito, T., Wakamatsu, Y., Hayasaka, N., Ohsaki, K., Oyanagi, M.,
Kominami, R., Kondoh, H., and Takahashi, N. (1996). Regionalized expression
of the Dbx family homeobox genes in the embryonic CNS of the mouse. Mech.
Dev. 56, 25–39.
Silva, B.A., Mattucci, C., Krzywkowski, P., Murana, E., Illarionova, A.,
Grinevich, V., Canteras, N.S., Ragozzino, D., and Gross, C.T. (2013).
Independent hypothalamic circuits for social and predator fear. Nat.
Neurosci. 16, 1731–1733. Published online Nov 10, 2013, http://dx.doi.org/
10.1038/nn.3573.
Simerly, R.B. (2005). Wired on hormones: endocrine regulation of hypothalamic development. Curr. Opin. Neurobiol. 15, 81–85.

Sternson, S.M., Nicholas Betley, J., and Cao, Z.F. (2013). Neural circuits and
motivational processes for hunger. Curr. Opin. Neurobiol. 23, 353–360.
Stowers, L., Cameron, P., and Keller, J.A. (2013). Ominous odors: olfactory
control of instinctive fear and aggression in mice. Curr. Opin. Neurobiol. 23,
339–345.
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SUPPLEMENTAL FIGURE LEGENDS
Figure S1 is related to Figure 1. Dbx1 expression in Dbx1cKO embryonic telencephalon
(A-C) Schematic of coronal view of the embryonic forebrain at the level of the septum (A),
ventral pallium (VP) (B) and preoptic area (POA) (C).
At E11.5, expression of Dbx1 in developing septum and amygdala (VP and POA; Hirata et al.,
2009) is unchanged between Ctrl (A.i-C.i) and Dbx1cKO (A.ii-C.ii) embryos.
The scale bar represents 500 µm.

Figure S2 is related to Figure 2. Calbindin and Bat-Gal are co-expressed in embryonic
Dbx1cKO LH neurons
(A) Schematic of coronal views of the embryonic forebrain at the level of the LH with a red box
indicating areas of corresponding immunohistochemical low magnification images in panels B
and C.
(B-C.iii) Wnt-responsive Bat-Gal cells (green) and Calbindin+ (purple) cells in the LH of E15.5
Dbx1+/+;BAT-GAL+/- (B-B.iii) and Dbx1-/-;BAT-GAL+/- (C-C.iii) embryos. Arrowheads indicate colabeled cells.
(D-F) Significant increases in the number of Wnt-responsive Bat-Gal+ cells co-labeling with
Calbindin expression (D), the percent of co-labeled cells with respect to the total number of
Calbindin+ cells (E) or the total number of Bat-Gal+ cells (F) are observed in the LH of E15.5
Dbx1-/-;BAT-GAL+/- embryos.
Mean ± SEM, n = 3, *p value < 0.05.	
   The scale bar represents 50 µm in panels B and C and 15
µm in panels Bi-C.iii.

Figure S3 is related to Figure 2. Expression of embryonic PVN, VMH and PMN markers is
unchanged in Dbx1cKO and Dbx1-/- embryos
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(A, E, I) Schematic of a coronal view of the embryonic forebrain at the level of the PVN (A),
VMH (E) and PMN (I) with a red box indicating the areas of corresponding ISH images.
No changes are observed in expression of Avp, Sim1 and Oxt in the E17.5 PVN (B-D.ii); Fezf1,
Nr5a1 and Lef1 in the E13.5 VMH (F-H.ii); or Lef1 and Sim1 in the E13.5 PMN (J-K.ii) in
Dbx1cKO or Dbx1-/- brains.
Mean ± SEM; n = 3 - 6 per experimental group; all p values > 0.05 in comparisons between
comparable groups for each probe. The scale bar represents 500 µm.

Figure S4 is related to Figure 3. Differential loss and sparing of Arc and LH protein
expression in Dbx1cKO postnatal males and females
(A-F) Schematic of rostral to caudal coronal views of the postnatal brain with a red box
indicating areas of corresponding immunohistochemical images taken under the same exposure
conditions.
(A.i-F.i) Terminals of Agrp+ axons are present in multiple limbic nuclei in Ctrl mice at P21.
(A.ii-F.ii) Dbx1cKO brains show dramatically diminished Agrp+ terminals across all projection
targets at P21.
(G) Summary diagram illustrating the requirement of Dbx1 for Agrp+ projections.
Abbreviations: BNST (bed nucleus of stria terminalis); CeA (central amygdala); mPO (medial
preoptic nucleus).
(H-J) In the Arc, no changes in expression of Pomc (H-H.ii), Cart (I-I.ii), or TH (J-J.ii) are
observed at P21.
(K-M) In the LH, there is a significant decrease in the number of cells expressing Pmch (K-K.ii),
Nesfatin (L-L.ii), or Cart (M-M.ii) in both male and female Dbx1cKO mice at P21.
Mean ± SEM; n = 3 per sex, per experimental group; *, p value < 0.05; **, p < 0.01.
The scale bar represents 250 µm in panels A.i-F.ii and 100 µm in panels H-M.i.
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Figure S5 is related to Figure 3. Expression of postnatal PVN, VMH and PMN markers is
unchanged in Dbx1cKO postnatal male and female mice
(A, E, I) Schematic of a coronal view of the postnatal brain at the level of the PVN (A), VMH (E)
and PMN (I) with a red box indicating corresponding areas of ISH images.
(B-D.iv) No changes are observed in expression of Avp, Sim1 and Oxt in the PVN (B-D.ii); Fezf1,
Nr5a1 and Lef1 in the VMH (F-H.ii); or Lef1 and Sim1 in the PMN (J-K.ii) in Dbx1cKO males or
females at P21.
Mean ± SEM; n = 3 - 6 per experimental group; all p values > 0.05 in comparisons between
comparable groups for each probe. The scale bar represents 250 µm.

Figure S6 is related to Figure 5. Stress-feeding circuit connectivity and c-Fos expression
in Dbx1cKO mice after food stress
(A) Schematic of the dual AAV injection paradigm employed to label neurons in the LH
projecting to the PVN.
(B) Expression of WGA-Cre helper virus (red) in the PVN.
(C, D, E) Low magnification (C) and high magnification (D, E) images of the LH with cells
positive for the cre-dependent AAV virus carrying the floxed-stop YFP reporter (green).
(D.i-E.ii) High magnification of Pmch+ (D.i) and Hcrt+ (E.i) neurons co-labeling with the AAVYFP reporter (D.ii and E.ii, respectively). Arrowheads indicate co-labeled neurons.
(F-H) Schematic of a coronal view of the postnatal brain at the level of the Arc (F), LH (G) and
PVN (H) with a red box indicating corresponding areas of IHC images.
(F-H.iv) Representative images of c-Fos expression in the Arc, LH and PVN in a fed state (mice
given regular chow diet ad libitum) (F.i-H.i and F.iii-H.iii) or 12 hr after fasting (F.ii-H.ii and F.ivH.iv) in Ctrl (F.i-H.ii) and Dbx1cKO (F.iii-H.iv) mice.
(I-N) Significant increases in the number of c-Fos+ cells in fasted Ctrl males and females
compared to fed Ctrls are observed in the Arc (I, L), LH (J, M) and PVN (K, N) (white bars), with
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no change in the number of c-Fos+ cells in female Dbx1cKO Arc (L), male and female LH (J, M)
and female PVN (N) (black and gray bars). The fold change in c-Fos+ cells after fasting is
significantly lower in Dbx1cKO male and female Arc (L.i, O.i), LH (M.i, P.i) and PVN (N.i, Q.i).
Mean ± SEM; n= 3-11, *p value < 0.05, **p<0.01, ***p<0.001

Figure S7 is related to Figure 6. Body length, metabolism and body fat composition is
unchanged in Dbx1cKO male and female mice on a regular chow diet
(A-D) Body length throughout post-weaning ages is unchanged in Dbx1cKO males and females.
No significant changes in oxygen consumption (E, H), carbon dioxide production (F, I), heat
production (G, J), fat mass (K, N), lean mass (L, O), or percent body fat (M, P) are observed in
P30 Dbx1cKO males and females fed a regular chow diet.
Mean ± SEM; n = 9 - 15 per experimental group; all p values > 0.05 in comparisons between
Ctrls and Dbx1cKO in comparable measurements.

Figure S8 is related to Figure 7.

Unchanged innate behaviors in Dbx1cKO males and

females
The following behaviors showed no significant differences between Dbx1cKO and Ctrl mice:
male (A-C; n = 31 - 32) or female (I-K; n = 15 - 21) mating behaviors. Only one ejaculation event
was observed in each group (A and I).
Male territorial aggression (D-F; n = 23 - 24) or female maternal aggression (L-N; n = 8 - 10).
Olfaction in males (G) or females (O) (n = 10 - 13).
Urine marking in males (H) or females (P) (n = 6 - 10).
(Q) Pup retrieval in females (n = 8 - 10).
Mean ± SEM. All p values > 0.05 in comparisons between Ctrls and Dbx1cKO in comparable
measurements.
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Supplemental Movie.
Video clip showing behavior of female Ctrl and Dbx1cKO mice in the presence of rat bedding.
Video from each group was taken during the first three minutes of recording.

Table S1.
List of gene changes ≥ 2.0 fold in the embryonic and postnatal male and female Dbx1cKO
hypothalamus.

Table S2.
List of probes used to validate microarray screens.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Animals
Mice were housed in the temperature- and light-controlled Children’s National Medical Center
animal care facility and given food and water ad libitum, unless otherwise stated. All animal
procedures were approved by Children’s National Medical Center’s and the University of
Pennsylvania’s Institutional Animal Care and Utilization Committees (IACUC) and conformed to
NIH Guidelines for animal use. Conditional-knockout mice (Dbx1cKO: Nkx2.1Cre+/-;Dbx1c/-) and
controls (Ctrl: Nkx2.1Cre+/-; Dbx1c/+) were obtained by crossing Nkx2.1Cre+/-; Dbx1+/- males with
Dbx1flox/flox females. Dbx1 knockout mice (KO: Dbx1-/-) and controls (WT: Dbx1+/+ and Het:
Dbx1+/-) were obtained by crossing male and female Dbx1+/- mice.

For analysis of Wnt-

responsive cells, we carried out the above crosses with BAT-GAL transgenic mice (Jackson
Labs strain B6.Cg-Tg(BAT-lacZ)3Picc/J) (Maretto et al., 2003). Mice were genotyped by
Transnetyx Inc. Genotyping Services.

Gene Expression Profiling
RNA samples quantity and quality
E13.5 hypothalamic primordium or postnatal (3-4 month old) hypothalamic tissue was
microdissected from 3 Ctrl and 3 Dbx1cKO embryos from adult male and female mice (24
samples total) using Lumsden scissors in ice cold PBS (regions of dissections shown in Figure
1H-I). Embryos were sexed using PCR to amplify the Y-chromosome-specific Sry gene. RNA
was isolated using a Qiagen kit (RNeasy kit 74104). RNA concentration of each sample was
determined by NanoDrop® spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington,
DE). The quality of RNA samples was confirmed via RNA Integrity Number (RIN>6) with
NanoChips on the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA).
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Microarray
An aliquot of 200 ng of high-quality total RNA from each sample was used for expression
profiling using Illumina® Gene Expression BeadChip Array technology (Illumina, Inc., San Diego,
CA). Reverse Transcription of the first cDNA strand and synthesis of the second strand,
followed by a single in vitro transcription (IVT) amplification, incorporating biotin-labeled
nucleotides, were performed with Illumina® TotalPrep™ -96 RNA Amplification Kit (Ambion,
Austin, TX), following the manufacturer’s instructions. Quality of the amplified and labeled RNA
(aRNA) was assessed with Bioanalyzer, and 1.5 µg of the IVT product was hybridized to
Illumina MouseWG-6v2_BeadChip for 16 hr, followed by washing, blocking and streptavidin-Cy3
staining according to the Illumina Whole-Genome Gene Expression Direct Hybridization
protocol. Arrays were scanned using Illumina HiScanSQ System, and the obtained decoded
images were analyzed by GenomeStudio™ Gene Expression Module – Illumina integrated
platform for the data visualization and analysis.

Expression values data generation
Generated in GenomeStudio, Illumina probe sets signal intensity values were uploaded (using
Genome Studio plug-in option) into the Partek Genomics Suite, version 6.5

(Partek

Incorporated, St. Louis, MO) to determine differently expressed genes, statistics analyses and
data visualization. Partek automatically applies Robust Multi-array Average (RMA) and performs
log2 transformation for the generated expression values. One-way ANOVA statistical test was
applied to the profiles to verify significance of the comparative results. Only expression values
with a p-value cut off of p < 0.05 and fold change >1.5 were considered for further analyses.

In situ hybridization (ISH) and LacZ staining
Postnatal animals (P21 and P90) and embryos ≥E15 were transcardially perfused with 4%
paraformaldehyde (PFA) (wt/vol). E13.5 - 17.5 embryo and postnatal tissue was drop fixed with
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4% PFA for 2 hr at 4oC, dehydrated in 30% sucrose (wt/vol), embedded in OCT embedding
compound, and sectioned at 20 µm using a microtome cryostat (Leica HM525). Both control and
mutant sections were mounted on the same slide for direct comparison. For ISH, sections were
refixed with 4% PFA, treated with proteinase K, again refixed with 4% PFA, treated with
triethanolamine containing acetic anhydride, and then hybridized with digoxigenin-UTP–labeled
RNA probes overnight. The next day, the probes were washed with 2x SSC at 65oC. Signals
were detected with an antibody to digoxigenin (Roche #11093274910) and BM purple (Roche
#11442074001) (See Table S2 for details of probes). For LacZ staining, E17.5 and E15.5
Dbx1cKO;BAT-GAL and Dbx1-/-;BAT-GAL sections (with appropriate control sections on the same
slide) were incubated in X-gal staining solution overnight at 37oC. For signal quantitation,
positive puncta were counted in every 10th serial coronal section encompassing the entire
anterior to posterior gene expression domain. Where positive puncta could not be counted,
ImageJ was used to quantify positive signal by calculating total area of signal multiplied by the
average intensity of signal (total area x mean pixel intensity) in gene expression domains of a
section; every 10th section was quantified and added. Data from embryonic males and females
were grouped, since no differences were detected between sexes. Data from Dbx1+/+ (WT) and
Dbx1+/- (Het) embryos were grouped, as no differences were detected between genotypes.
Data was then presented as a percent (%) of control. Minimum n = 3 mice per sex, per
genotype. Individual sample sizes (n) are noted in legends for Figures 2-7 and S4-S8.

Immunohistochemistry (IHC)
Postnatal mice were perfused and postfixed with 4% PFA (wt/vol) for 16 hr at 4oC, then
sectioned at 50 µm with a vibrating microtome (Leica VT1000S). For IHC, sections were
incubated with the primary antibody for 16 hr at 4oC, washed and incubated with the
corresponding fluorescent secondary antibodies, and mounted with DAPI Fluoromount
(SouthernBiotech 0100-20). Primary antibodies used were rat anti-GFP (to detect YFP

	
  

8	
  

expression, 1:1000, Nacalai 04404-84), sheep anti-Nesfatin (1:500, R&D Systems af6895),
rabbit anti-Cart (1:20,000, Phoenix Pharmaceuticals), rabbit anti-TH (1:500, Santa Cruz
sc14007), goat anti-Agrp (1:500, R&D Systems af634), goat anti-Pmch (1:500, Santa Cruz
sc14509), rabbit anti-Hcrt (1:100, Millipore ab3096), goat anti-Pomc (1:100, Abcam ab322893),
goat anti-Calbindin (1:500, Santa Cruz sc-7691) and rabbit anti-c-Fos (1:500, Santa Cruz sc-52).
Quantification of total cells was obtained by counting positive cells (as determined by colocalization with DAPI) in every 6th serial coronal section of Dbx1cKO and Ctrl, encompassing the
entire domain of expression. Minimum n = 3 mice per sex, per genotype.

Stereotactic injection of viral tracers

The animals were anesthetized with intraperitoneal injections of a ketamine (80 mg/kg)/xylazine
(15–20 mg/kg) cocktail (Sigma). As previously described (Gradinaru et al., 2010) the WGA-Cre
AAV virus (AAV2-EF1α-mCherry-IRES-WGA-Cre; UNC vector core) was delivered into the PVN
via a borosilicate glass pipette; the injection volume and flow rate (100 nl at 10 nl/min) were
controlled with a pico injector (Harvard Apparatus). Five weeks later, the Cre-dependent AAV
(pAAV-Ef1a-DIO EYFP; UNC vector core) was injected into the ipsilateral LH of the same
animal. Coordinates used (relative to bregma) were -0.8/0.2/4.5 mm for the PVN and -1.5/1/4.8
mm or the LH. The glass pipette was left in place for 10 min after vector delivery and then was
slowly withdrawn, to allow complete diffusion of the virus and avoid spillover or contamination of
adjacent regions during pipette extraction.

Multiple Electrode Array Electrophysiology
Preparation of Acute Brain Slices
Ctrl and Dbx1cKO male mice (P17-20) mice were anesthetized with isoflurane and transcardially
perfused with 10 mL of ice-cold carbogenated (95% O2, 5 % CO2) HEPES-buffered artificial
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cerebrospinal fluid (aCSF; composition, in mM: 92 NaCl, 2.5 KCl, 1.2 NaH2PO4•H20, 30
NaHCO3, 25 glucose, 20 HEPES, 5 Na-ascorbate, 3 Na-pyruvate, 2 thiourea, 10 MgSO4, 0.5
CaCl2; pH 7.4). The same aCSF solution was also utilized for perfusion, sectioning, and initial
incubation of all brain slices. Mice were decapitated, and the brains were quickly removed and
affixed to the stage of a vibrating microtome (Leica VT 1200S, Germany). Coronal brain
sections containing the LH were obtained (300 µM thickness, from bregma -2.06 to -2.30 mm).
The slices were incubated at 32°C for 15min. Slices were then transferred to a carbogenated,
low-glucose aCSF (composition, in mM: 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4•H2O, 2
MgCl2•6H2O, 2 CaCl2•2H2O, 0.2 glucose; pH 7.4) and maintained at ambient temperature (2224oC) until experimentation. Sucrose was added to the low-glucose aCSF to maintain osmolality
(295-300 mOsm).

Electrophysiological recordings
Brain slices were incubated in oxygenated aCSF at ambient temperature for at least 1 hr before
transfer to a 60-channel, 8 x 8 perforated MEA probe with 200 µM electrode spacing (Multi
Channel Systems, Reutlingen, Germany). The slice was positioned such that the LH was
covered by the array. A constant-vacuum pump was utilized to apply a gentle suction to stabilize
the slice on the MEA probe. The chamber was maintained at 30°C under continuous perfusion
(2 ml/min) of oxygenated, low-glucose (0.2 mM) aCSF for 1 hr prior to data acquisition. A 15min recording of spontaneous spiking activity of each slice was acquired. The superfusion
solution was then switched to a high-glucose (5.0 mM) aCSF solution, and a 1-hr recording was
obtained. All recordings were obtained with a 60-channel amplifier (MEA-2100, Multi Channel
Systems, Reutlingen, Germany) running MC Rack software (Multi Channel Systems, Reutlingen,
Germany) at a sampling rate of 25 kHz.

Data processing
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Event activity was filtered with a 125-Hz high-pass filter. Event detection was set to 5x the root
mean square of the background noise for each channel. Events that surpassed this threshold
were automatically detected utilizing the MC Rack software. Data were arranged into 60-sec
bins, and the maximum spike frequency was calculated for each channel in each experimental
condition.

Behavior Assays
All non-feeding behavior assays were video-recorded on digital video cassettes (Sony
DVM60PRRJ) using a Sony MiniDV Digital Handycam (Sony DCRTRV33).

Videos were

uploaded as digital WMV files and scored independently by two investigators blind to genotype
using the Scorevideo program for MatLab (Wu et al., 2009).

Mating
Sexually naïve experimental males were singly housed and left undisturbed for 1 week prior to
the introduction of a hormonally primed, ovariectomized 129SvEv female. Sexually naïve
hormonally primed ovariectomized experimental females were placed into the home-cage of a
sexually experienced 129SvEv male. Each trial consisted of recordings from the first 30 min of
behavior.

Trials were repeated up to three times and separated by at least 1 week, as

previously been described (Xu et al., 2012; Yang et al., 2013). (Male Mating: n ≥ 31 per group;
total 63 trials: 32 trials from 11 Ctrl males, 31 trials from 11 Dbx1cKO males; Female Mating: n ≥
15 per group; total 36 trials: 15 trials from 5 Ctrl females, 21 trials from 7 Dbx1cKO females).

Body Weight, Food Consumption and Body Length
Male and female mice were singly housed after weaning (P21). Weekly, body weight was taken
at the same day and time.

Whole chow pellets (regular chow diet; 7012 Teklad LM-485

Mouse/Rat Sterilizable Diet) were weighed to the nearest tenth of a gram, placed in the hopper
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during weighing of the animal, and re-weighed at the next body-weight measurement. Daily
food consumption was calculated by subtracting the weight of the remaining food from the
amount given and then dividing that difference by seven (n ≥ 9 per group, total 48 mice: 9 male
Dbx1cKO mice, 9 female Dbx1cKO mice, 15 Ctrl male mice, 15 Ctrl female mice). Fasting: food
was removed from the hopper for 12 hr. Mice were weighed before and after the 12-hr fast, and
food consumption was measured as the amount of food consumed within the 24 hr following refeeding. A single cohort of 20 mice (5 Ctrl males, 5 Dbx1cKO males, 5 Ctrl females, 5 Dbx1cKO
females) was used for the different feeding paradigms and was sequentially exposed to 4 weeks
on the regular diet, 2 weeks on the restricted diet, and 7 weeks on the high fat diet. Regular diet:
mice were fed regular chow diet ad libitum. Restricted diet: mice were fed regular chow diet
from 17:00 – 12:00 the next day (nineteen hours), and then food was removed for five hours
between 12:00 and 17:00. Body weights were measured daily, and food intake was measured
30 min and 24 hr after food was reintroduced. High-fat diet: mice were fed a special high-fat diet
(Teklad TD.08811) for seven weeks. Body weights and food consumption was measured as
described above. Body length was measured with a ruler from tip of the nose to the base of the
tail in a naturally extended posture.

Body composition, Home-cage activity and Metabolic data
These experiments were performed at The Mouse Phenotyping, Physiology and Metabolism
Core at the University of Pennsylvania Diabetes Endocrine Research Center. Cold tolerance
tests: Implantable electronic transponders (Bio Medic Data Systems, Seaford, DE) were placed
under the skin in the interscapular region of the animals. Temperatures measured by implanted
transponders were recorded at room temperature. Mice were placed at 4º C for 6 hours and
core temperature measured. Core temperature was also measured at room temperature and at
4º C using a rectal thermometer. NMR: Lean and fat mass were measured using Echo MRI 3-in1 analyzer (Houston, TX). Body weight and fat composition was matched in each subject to give
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a % fat for each subject. DEXA: Bone mineral density was measured using General Electric
Lunar PIXImus2. CLAMS: Animal activity monitoring was performed using Columbus Instrument
OXYMAX V4.47.

Open Field
Singly housed P160 males and females were placed in the center of a clean open-field
apparatus (Coulbourn Instruments) and recorded for 30 min, as described previously (Bailey
and Crawley, 2009). Time spent in the center field was quantified at 5 min intervals over the 30
min of recording time. (n ≥ 9 per group, total 48 mice: 9 male Dbx1cKO mice, 9 female Dbx1cKO
mice, 15 Ctrl male mice, 15 Ctrl female mice).

Predator Avoidance
P90 test subjects were video-recorded for 15 min after being given 12 g of clean 1/8” corncob
bedding (Harlan 7092) or corncob bedding from a soiled rat cage. Cardiac blood was taken from
anesthetized animals 45 min after the completion of the assay (1 hr after first exposure to
bedding) for ELISA of plasma Cort levels (n ≥ 11 per group, total 106 mice: 14 male Ctrl
mice+benign bedding, 14 male Dbx1cKO mice+benign bedding, 13 male Ctrl mice+rat bedding,
14 male Dbx1cKO mice+rat odor, 13 female Ctrl mice+benign bedding, 12 female Dbx1cKO
mice+benign bedding, 11 female Ctrl mice+rat bedding, 15 female Dbx1cKO mice+rat bedding).

Territorial Aggression
Adult experimental males were singly housed and left undisturbed for 1 week prior to the
introduction of a smaller 129SvEv intruder male. Each trial consisted of 15 min of recorded
behavior; intruder was removed after each trial. Trials were repeated up to 2 times separated by
at least 1 week, following previous procedures (Yang et al., 2013). (n ≥ 23 per group, total 54
trials: 23 trials from 12 male Ctrl mice, 31 trials from 12 male Dbx1cKO mice).
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Maternal Aggression
Singly housed experimental females were mated and allowed to give birth to a litter of pups. On
the day of experimentation, P3-10 pups were removed from the home-cage, and 129SvEv
intruder male was placed into the home-cage. Each trial consisted of 15 min of recorded
behavior, after which the intruder was removed and the pups were returned. Trials were
repeated up to 2 times separated by at least 1 week as previously described (Xu et al., 2012). (n
≥ 8 per group, total 18 trials: 8 trials from 4 Ctrl dams, 10 trials from 5 Dbx1cKO dams).

Pup Retrieval
Singly housed experimental females were mated and allowed to give birth to a litter of pups. In
each trial, the dam was temporarily removed from the cage, and the pups (P3-10) were taken
from the nest and placed in a far corner of the home-cage. The dam was returned to the cage,
and the time required for her to retrieve two pups back to the nest was recorded. Trials were
repeated up to 2 times separated by at least 1 week as previously described (Xu et al., 2012). (n
≥ 8 per group, total 18 trials: 8 trials from 4 Ctrl dams, 10 trials from 5 Dbx1cKO dams).

Territorial Urine Marking
Bedding was removed from the home-cage and replaced with Whatman chromatography paper
(GE Healthcare, UK 3030-6188), cut to fit the bottom of the home-cage. Test subjects were
placed back in the cage for 1 hr. Urine marking was observed under UV light, and the number
of urine spots was counted. (n ≥ 6 per group, total 30 mice: 10 Ctrl males, 8 Dbx1cKO males, 6
Ctrl females and 6 Dbx1cKO females).

Food Odor
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All chow pellets were removed from the test subject’s home-cage 12 hr prior to test. On the day
of experimentation, the subject was placed in a clean cage containing 3 cm deep in which a
cookie (Nabisco) was buried 1 cm below the surface in a random corner of the cage. A cookie
was scored as uncovered when it was dug to the surface. (n ≥ 10 per group, total 48 mice: 15
Ctrl males, 13 Dbx1cKO males, 10 Ctrl females and 10 Dbx1cKO females).

ELISA
Serum from blood was collected 1 hr after first exposure to bedding (benign or rat). Samples
were run in duplicate using corticosterone ELISA kits (Abcam ab108821) per manufacturer’s
recommendations. Values were read on a precision microplate reader (Emax, Molecular
Devices) (n≥11 per group, total 98 mice: 12 male ctrl mice+benign bedding, 13 male Dbx1cKO
mice+benign bedding, 11 male ctrl mice+rat bedding, 14 male Dbx1cKO mice+rat odor, 12
female ctrl mice+benign bedding, 13 female Dbx1cKO mice+benign bedding, 11 female ctrl
mice+rat bedding, 12 female Dbx1cKO mice+rat bedding).
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